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Abstract
Previous studies have documented the occurrence of glyphosate-resistant (GR) goosegrass (Eleusine indica (L.) Gaertn.) 
and, in at least some cases, resistance is due to an altered target site.  Research was performed to determine if an altered 
target site was responsible for GR in a Tennessee, United States goosegrass population (TennGR).  DNA sequencing 
revealed a mutation in TennGR plants conferring the Pro106Ser 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) 
substitution previously identified in other GR populations.  F2 populations were derived from TennGR plants crossed with 
plants from a glyphosate-susceptible population (TennGS) and analyzed for their response to glyphosate and genotyped at 
the EPSPS locus.  Plants from the F2 populations segregated 1:2:1 sensitive:intermediate:resistant in response to a selec-
tive dose of glyphosate, and these responses co-segregated with the EPSPS genotypes (PP106, PS106, and SS106).  To 
separately investigate the effect of the Pro106Ser substitution on GR, glyphosate dose-response curves and 50% effective 
dose (ED50) values were compared among the three genotypes and the two parental populations.  The SS106 genotype was 
3.4-fold resistant relative to the PP106 genotype, identical to the resistance level obtained when comparing the resistant 
and susceptible parental populations.  We conclude that the mutation conferring a Pro106Ser EPSPS mutation is solely 
responsible for GR in the TennGR goosegrass population.
Keywords: herbicide resistance, monogenic trait, glyphosate, PCR amplification of specific alleles (PASA), EPSPS, target-
site mutation
1. Introduction 
Glyphosate inhibits the enzyme 5-enolpyruvylshi-
kimate-3-phosphate synthase (EPSPS), which catalyzes 
the formation of 5-enolpyruvylshikimate-3-phosphate 
(EPSP) from shikimate-3-phosphate (S3P) and phosphoe-
nolpyruvate (PEP), in plants and some microorganisms 
(Steinrücken and Amrhein 1980).  Various biochemical 
responses occur when EPSPS is inhibited: (1) decrease of 
energy in the form of adenosine 5´-triphosphate (ATP), (2) 
depletion of the essential biomolecules synthesized from the 
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shikimic acid pathway, and (3) substantial carbon flux away 
from other important pathways by accumulation of shikimic 
acid (Kaundun et al. 2008).
Glyphosate’s success as an herbicide is attributed 
to many advantageous characteristics, such as efficient 
uptake/translocation, low mammalian toxicity, inexpensive 
production, and broad spectrum activity (Caseley and 
Coupland 1985; Duke and Powles 2008).  Before 1996, 
resistance to glyphosate was assumed to evolve at lower 
frequencies when compared to other herbicide families due 
to glyphosate’s unique mode of action and limited metabo-
lism in plants (Bradshaw et al. 1997).  Since the introduction 
of transgenic crops resistant to glyphosate, an increased 
reliance upon glyphosate for weed control has led to an 
accelerated evolution of weed populations that are resistant 
to this herbicide.  To date, 32 weeds species in 25 countries 
have resistance to glyphosate (Heap 2015).
Currently, the identified mechanisms of glyphosate-resis-
tance include both target-site and non-target-site changes. 
Glyphosate resistance due to a point mutation conferring 
a Pro106Ser substitution in EPSPS was first documented 
in a Malaysian goosegrass (Eleusine indica (L.) Gaertn.) 
population (Baerson et al. 2002) and later in other weed 
species (e.g., Perez-Jones et al. 2007; Jasieniuk et al. 
2008; Bell et al. 2013; Nandula et al. 2013).  Other resis-
tance-conferring substitutions in EPSPS have been docu-
mented, including Pro106Thr, Pro106Ala, and Pro106Leu 
(Ng et al. 2003; Wakelin and Preston 2006; Yu et al. 2007; 
Kaundun et al. 2011; González-Torralva et al. 2014).  An 
alternative target-site-based mechanism of glyphosate 
resistance, amplification of the EPSPS gene, was first 
documented in Palmer amaranth (Amaranthus palmeri S. 
Wats.) (Gaines et al. 2010).  This mechanism was subse-
quently documented in other weed species (Tranel et al. 
2010; Salas et al. 2012; Lorentz et al. 2014; Nandula et al. 
2014; Wiersma et al. 2015).  Non-target-site-based resis-
tances in glyphosate include reduced herbicide uptake and 
translocation (including herbicide sequestration).  A popu-
lation of ryegrass (Lolium rigidum Gaudin) from Australia 
demonstrated the first case of altered translocation, where 
glyphosate was found to accumulate in the leaf tips of the 
resistant plants (Lorraine-Colwill et al. 2002).  More recently, 
vacuolar sequestration of glyphosate was demonstrated in 
various species of ryegrass (Lolium spp.) (Ge et al. 2012). 
Restricted glyphosate uptake also has been proposed as 
the mechanism of glyphosate resistance in populations of 
Palmer amaranth, waterhemp (Amaranthus tuberculatus 
(Moq.) Sauer var. rudis (Sauer) Costea and Tardif), and 
johnsongrass (Sorghum halepense (L.) Pers.) (Vila-Aiub 
et al. 2012; Sammons and Gaines 2014).  In general, 
glyphosate-resistance mechanisms confer relatively low 
levels of resistance (Sammons and Gaines 2014).  Likely 
as a consequence of this, multiple glyphosate-resistance 
mechanisms are sometimes found within individual weed 
populations (Yu et al. 2007; Dinelli et al. 2008; Kaundun 
et al. 2011; Nandula et al. 2013; Chatham 2014).
Goosegrass is an annual self-pollinating grass species 
that is commonly found in Asia, Africa, South America, and 
in parts of North America (Holm et al. 1977).  Goosegrass 
is listed as one of the five most troublesome weeds in the 
world and has high reproductive capabilities, with a single 
plant capable of producing over 40 000 seeds (Holm et al. 
1977).  Goosegrass has a history of evolving resistance to 
numerous herbicides (Heap 2015), including acetyl-CoA car-
boxylase inhibitors (Leach et al. 1995), bipyridiliums (Buker 
et al. 2002), glyphosate (Lee and Ngim 2000), glutamine 
synthase inhibitors (Jalaludin et al. 2010) and dinitroaniline 
herbicides (Mudge et al. 1984).
A population of goosegrass from Tennessee was char-
acterized as glyphosate resistant based on whole-plant 
greenhouse studies and shikimate accumulation (Mueller 
et al. 2011).  One of the objectives of this study was to 
determine if the Tennessee glyphosate-resistant popula-
tion (TennGR) had a target-site mutation that previously 
had been associated with glyphosate resistance in other 
goosegrass populations.  If such a mutation was found, a 
second objective was to determine if it solely accounted for 
resistance in the population.  
2. Results 
2.1. EPSPS gene sequence 
Sequences that spanned the entirety of the EPSPS gene 
coding region, as well as the non-coding regions, were ob-
tained from four TennGR plants that survived glyphosate at 
a dose that was lethal to plants from a sensitive population 
(TennGS), and were compared to TennGS sequences.  Within 
each of the TennGR and TennGS groups, the four sequences 
obtained were identical.  A total of three polymorphisms were 
observed in the TennGR-coding region relative to the TennGS 
sequence (Fig. 1).  Two of the three polymorphisms in the 
coding region did not change the corresponding amino acid 
residue.  The third polymorphism conferred a Pro106Ser 
amino acid substitution, which corresponds to a previously 
documented glyphosate-insensitive goosegrass EPSPS 
(GenBank AJ417033) (Baerson et al. 2002).  Within the 
non-coding regions, five polymorphisms (all of which were 
single nucleotide substitutions) were observed between the 
TennGR and TennGS sequence (data not shown).
2.2. Segregation of F2 
To investigate if the identified Pro106Ser substitution was 
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responsible for resistance, two F2 populations (B1 and D1) 
derived from a cross between TennGS and TennGR were 
evaluated for co-segregation of glyphosate resistance and 
the Pro106Ser substitution.  Segregation of glyphosate 
resistance was evaluated at a glyphosate dose which best 
discriminated the parental populations.  Phenotypic segrega-
tion in both F2 populations evaluated did not deviate from the 
1:2:1 (resistant:intermediate:sensitive, R:I:S) ratio expected 
for a single-gene trait with incomplete dominance (P=0.9, 
P=0.6 for D1 and B1, respectively).  Genotypic ratios also 
segregated 1:2:1 (P=0.6, P=0.1 for D1 and B1, respectively). 
Furthermore, phenotypes and genotypes were associated: 
70–80% of the plants with the mutant homozygous genotype 
were visually rated as resistant, 82–93% of the plants with 
the heterozygous genotype were visually rated as intermedi-
ate, and 100% of the plants with the wild-type homozygous 
genotype were visually rated as sensitive (Fig. 2).  
2.3. F2 dose response comparison of the three seg-
regating EPSPS genotypes 
To determine if the Pro106Ser substitution solely accounted 
for glyphosate resistance, whole-plant dose responses were 
compared among the three genotypes in the F2 populations 
and the parental populations.  There was no significant dif-
ference in the 50% effective doses (ED50s) of the parental 
TennGS population (95 g ha–1) and the PP106 genotype (119 
g ha–1), or in the ED50s of the parental TennGR population 
(320 g ha–1) and the SS106 genotype (399 g ha–1) (Table 1, 
Fig. 3).  The resistance ratio of the TennGR parent relative to 
the TennGS parent was 3.4.  The SS106 genotype also had 
a resistant ratio of 3.4 relative to the PP106 genotype.  Over-
all, the response of the PS106 genotype was intermediate 
between those of the PP106 and SS106 genotypes, giving a 
resistant ratio of 2.3 relative to the PP106 genotype.  Degree 
of dominance (D) was calculated for PS106 genotype using 
Fig. 1  Sequence comparison of 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) gene from glyphosate-
resistant (TennGR) and sensitive (TennGS) plants.  Three 
polymorphisms were found in the exons.  Regions of homology 
are indicated by dots.  Numbering is consistent with that used 
previously for goosegrass EPSPS (GenBank AJ417033) from 
Baerson et al. (2002).
103 A M R S/ P L T 108
TennGR: GCA ATG CGA TCA TTG ACA
TennGS: . . . . . . . . . C . . . . . . . .
142 Q L G A D V 147
TennGR: CAG CTT GGT GCG GAT GTT
TennGS: . . . . . . . . . . . A . . . . . .
197 E I E I I D 202
TennGR: GAG ATT GAA ATC ATT GAT
TennGS: . . . . . . . . . . . A . . . . . .
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Fig. 2  Co-segregation of the resistance trait with Pro106Ser 
mutation.  The responses of plants from two different F2 
populations, B1 (n=96) (A) and D1 (n=89) (B) were visually 
evaluated at a single rate of glyphosate (350 g ha–1).  Tissue 
samples for DNA extraction were taken from plants prior to 
herbicide application for genotyping using the PCR amplification 
of specific alleles (PASA) protocol.  Genotypes are represented 
by a different pattern within the columns.  C, representative 
phenotypes of different genotypes 14 days after herbicide 
application.  PS, heterozygous; PP, homozygous Pro106; SS, 
homozygous Ser106. 
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the formula given by Stone (1968) and results indicated that 
glyphosate resistance is nearly additive (D=–0.01).  As in 
the previous experiment, genotypic segregation in both F2 
populations evaluated did not deviate from a 1:2:1 ratio 
(P=0.7, P=0.2 for D1 and B1, respectively).   
3. Discussion
3.1. EPSPS gene sequence
Sequence comparison of the TennGR population to the 
TennGS population showed a total of eight polymorphisms, 
five of which were within introns.  The differences seen in the 
EPSPS gene introns were mostly at positions far from the 
intron/exon borders and were not within the splice junction 
regions (Ng et al. 2004b).  Consequently, we expect that 
the mutations do not affect splicing and, therefore, do not 
affect enzyme activity.  Of the three polymorphisms seen in 
the exons, two occurred at the third nucleotide position of a 
codon and did not change the amino acid residue.  The only 
nonsynonymous polymorphism found in the TennGR popu-
lation conferred a Pro106Ser substitution, which has been 
documented previously to confer glyphosate resistance in 
many weed species (Baerson et al. 2002; Perez-Jones et al. 
2007; Jasieniuk et al. 2008; Bell et al. 2013; Molin et al. 
2013; Nandula et al. 2013).
Few locations in the EPSPS enzyme are likely to confer 
target-site resistance without a significant fitness penalty 
because of the select and highly conserved amino acids that 
bind to glyphosate (Mizyed et al. 2003).  However, the EPSPS 
codon at position 106 is now well documented to contain poly-
morphisms that confer low levels of glyphosate resistance, 
about 2- to 4-fold resistance (Baerson et al. 2002; Wakelin 
and Preston 2006; Jasieniuk et al. 2008).  Changing an ami-
no acid at codon 106 causes the structural configuration of 
the active site to change, forcing other amino acids to move 
towards the inhibitor, and reducing the available space in the 
active site (Sammons and Gaines 2014).  Enzyme kinetics 
performed with a Pro106Ser mutation showed a decrease in 
the affinity for PEP, but subsequent research on goosegrass 
EPSPS indicated that the loss in substrate binding may not 
be as severe as initially suspected (Baerson et al. 2002).
3.2. Segregation of F2 
Chi-square analysis of the segregating F2 populations 
supported a single gene model for glyphosate resistance. 
Furthermore, phenotypic segregation was strongly associat-
ed with the segregation of Pro/Ser at codon 106 of EPSPS. 
All plants phenotyped as resistant contained at least one 
Pro106Ser allele, and 70–80% were homozygous for this 
allele.  None of the plants genotyped as homozygous for 
the wild-type EPSPS allele were phenotyped as interme-
diate or resistant, indicating that there was not another 
resistance mechanism in the population.  To further rule 
out the presence of another resistance mechanism in the 
TennGR goosegrass population, a separate experiment 
was performed to generate dose-response curves for each 
of the three EPSPS genotypes within the F2 populations.
3.3. F2 dose response comparison of the three seg-
regating EPSPS genotypes 
The TennGR population was 3.4-fold resistant to glyphosate 
when compared to the TennGS population.  The magnitude 
of glyphosate resistance observed herein for the TennGR 
population is similar to that reported for other glyphosate- 
Table 1  Whole-plant responses to glyphosate of parental 
glyphosate-resistant (TennGR) and sensitive (TennGS) 
populations, and three genotypes segregating within two 
combined F2 populations 
Population ED50 (g ha
–1)1) R/S2)
Parental lines
TennGS 95 (17.9) 1
TennGR 320 (58.8) 3.4
Segregating F2 
PP106 119 (10.9) 1
PS106 216 (16.4) 2.3
SS106 399 (80.1) 3.4
1) ED50, the effective dose at which plants show a 50% reduction, 
which was determined using a combination of dry weights 
and visual observations of herbicide responses.  Numbers in 
parentheses denote ±SE.
2) ED50 of resistant (R) population (parental TennGR, SS106 
genotype or PS106 genotype) d iv ided by ED 50 of the 
corresponding sensitive (S) population (TennGS or PP106).
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Fig. 3  Glyphosate dose-response curves for parental TennGS 
and TennGR populations, and three genotypes segregating 
within two combined F2 populations.  Vertical bars indicate ±SE. 
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resistant populations with the same substitution (Baerson 
et al. 2002; Ng et al. 2004b; Jasieniuk et al. 2008).  Mueller 
et al. (2011) previously reported that glyphosate resistance 
in the TennGR population was 7.4-fold relative to TennGS. 
Although this is about twice that observed herein, our study 
used adjusted dry weights (factoring in visual observations) 
whereas their resistance magnitude was based solely on dry 
weights.  Kaundun et al. (2008) reported that the Pro106Ser 
EPSPS mutation conferred about a two-fold level of glypho-
sate resistance when present in the homozygous state in 
goosegrass.  According to the field history of the Tennessee 
population (Mueller et al. 2011), the use of below-label 
glyphosate dosages occurred for several years.  Others 
have also reported that reduced-rate herbicide applications 
can accelerate the selection of resistant populations (e.g., 
Baerson et al. 2002; Manalil et al. 2011; Busi et al. 2012).
The two homozygous genotypes in the F2 population, 
PP106 and SS106, exhibited dose response curves that 
were similar to those of their corresponding parental popu-
lations, TennGS and TennGR, respectively.  Consequently, 
the resistance ratio of PP106 relative to SS106 was identical 
to that of TennGR relative to TennGS.  If another factor con-
tributing to resistance was present in the TennGR population, 
then some plants genotyped as PP106 should contain this 
factor (absent strong genetic linkage), decreasing glypho-
sate sensitivity relative to the parental TennGS population. 
By the same logic, some plants genotyped as SS106 should 
lack the second factor, increasing their glyphosate sensitivity 
relative to the parental TennGR population.  
Kaundun et al. (2008) similarly used PASA to compare 
glyphosate resistance among homozygous sensitive and 
resistant genotypes.  Although they used a segregating field 
population from the Philippines, rather than an experimental-
ly derived F2 population as done herein, they also concluded 
that the target-site mutation was the major factor conferring 
resistance.  Unlike in our study, however, they observed a 
small but statistically significant decrease in glyphosate 
sensitivity of the PP106 genotype relative to their sensitive 
control population, suggesting the presence of one or more 
minor-effect genes.  Ng et al. (2004a) investigated inheri-
tance of glyphosate resistance in goosegrass populations 
from Malaysia.  Rather than performing dose responses of 
a segregating population, they evaluated segregation in F3 
populations, and concluded that glyphosate resistance was 
inherited as a single, incompletely dominant gene.  
4. Conclusion
EPSPS target-site mutations have been documented in 
six weed species, and are most frequently reported in the 
genus Lolium.  Since Lolium spp. is commonly out-crossing 
species, the likelihood of accumulating multiple glypho-
sate-resistant genes/alleles is very probable.  For example, 
rigid ryegrass and perennial ryegrass (Lolium perenne L.) 
populations have been separately documented to have 
a target site mutation in EPSPS and reduced glyphosate 
translocation (Bostamam et al. 2012; Ghanizadeh et al. 
2015).  In studies involving glyphosate-resistant goosegrass, 
a second mechanism of resistance was suspected in some 
populations (Ng et al. 2004b; Kaundun et al. 2008), but more 
research is needed to confirm this.  The self-pollinated na-
ture of goosegrass reduces the likelihood that this species 
will accumulate multiple resistance mechanisms.  
Glyphosate-resistant goosegrass has now been doc-
umented in multiple countries and in multiple U.S. states 
(Heap 2015).  Although the Pro106Ser EPSPS substitution 
confers a very modest level of glyphosate resistance in 
goosegrass, it is significant enough to confer field-level 
resistance, and now has been documented to be the sole 
resistance mechanisms selected in goosegrass populations 
from both Malaysia and the U.S.  Continued reliance on 
glyphosate likely will lead to additional glyphosate-resistant 
goosegrass populations, and possibly to the selection of 
other major glyphosate-resistance mechanisms in this spe-
cies.  In fact, a double mutation (Pro106Ser and Thr102Ile) 
in goosegrass EPSPS, which confers strong resistance to 
glyphosate, was recently reported (Yu et al. 2015).  
5. Materials and methods
5.1. Plant culture
 
The originating populations used in this study were the 
glyphosate-resistant and glyphosate-sensitive populations 
described by Mueller et al. (2011) and herein referred to as 
TennGR and TennGS, respectively.  TennGR was confirmed 
to be resistant through a whole-plant dose response and a 
shikimate assay (Mueller et al. 2011).  Progeny (F1 and F2 
populations) were derived from TennGS and TennGR (see 
section 5.6) and also used in this study.   
Seeds were germinated in 12-cm×12-cm trays and seed-
lings transplanted into 720 cm3 pots when they had 3–4 true 
leaves.  The growth medium consisted of 3:1:1:1 mixture of 
LC1 (Sunshine Mix #1/LC1, Sun Gro Horticulture, 770 Silver 
Street, Agawam, MA 01001), soil, peat and torpedo sand. 
Slow-release complete fertilizer (Osmocote 13-13-13 slow 
release fertilizer, The Scotts Company, 14111 Scottslawn 
Rd., Marysville, OH 43041) was mixed with the growth me-
dium prior to planting, and additional fertilizer was added to 
the top of the growth medium as needed.  Greenhouse con-
ditions were maintained at 28/22°C day/night with a 16:8 h 
photoperiod.  Natural sunlight was supplemented with mer-
cury halide lamps to provide a minimum of 800 μmol m–2 s–1 
at the plant canopy.
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5.2. Evaluation of herbicide response
Herbicide applications were made using a compressed air 
research sprayer (DeVries Manufacturing, 86956 State High-
way 251 Hollandale, MN 56045) fitted with a Teejet 80015 
EVS nozzle (Teejet Technologies, P.O. Box 7900 Wheaton, 
IL 60187) calibrated to deliver 185 L ha–1 at 275 kPa.  The 
nozzle was maintained at 45 cm above the plant canopy. 
Plants were treated when they were 8-cm tall (measuring 
from plant base to tallest leaf blade, taking an average of 
various tillers).  Roundup WeatherMax was the formulation 
used in all experiments (Monsanto, 800 N.  Lindbergh Blvd. 
St. Louis, MO 63167).
5.3. DNA extraction 
Harvested leaf material (e.g., TennGS, TennGR, F1, and F2 
plants) for DNA extraction was either screened with PCR 
amplification of specific alleles (PASA) for genotyping or 
used in sequencing reactions.  DNA was extracted based 
on the CTAB method described by Doyle and Doyle (1990). 
The quality and quantity of the genomic DNA was examined 
using a spectrophotometer (NanoDrop 1000, Thermo Fisher 
Scientific, 81 Wyman St., Waltham, MA 02451).
5.4. EPSPS gene sequencing 
The entire mature protein-coding region of the EPSPS 
gene of four TennGR plants and four TennGS plants was 
sequenced.  TennGR plants were confirmed resistant with 
a dose of glyphosate lethal to TennGS plants.  A fragment 
containing codon 106 was amplified using primers described 
previously (Kaundun et al. 2008), using the forward primer 
EPSPS-SeqF1 (CTCTTCTTGGGGAATGCTGGA) and the 
reverse primer EPSPS-SeqR1 (TAACCTTGCCACCAGG 
TAGCCCTC).  Other fragments were amplified using primers 
in Table 2, which were designed based on a goosegrass 
EPSPS gene sequence (GenBank accession AY157642). 
PCR was conducted in 25 µL reactions with 5 µL of 5× GoTaq 
green buffer (Promega Corporation, Madison, WI 53711), 
0.2 µL of GoTaq DNA polymerase at 5 U µL–1 (Promega 
Corporation, Madison, WI 53711), 2 µL of dNTP at 2.5 
mmol L–1, 2.5 µL MgCl2 at 25 mmol L
–1, 1 µL of each primer 
at 10 µmol L–1, 1 µL of template DNA, and 12.3 µL purified 
water.  PCR conditions were as follows: initial denaturation 
at 95°C for 5 min; 30 cycles at 95°C for 30 s, 60°C for 30 s, 
and 72°C for 2 min; and a final extension cycle of 72°C 
for 10 min.  An aliquot of each PCR was separated on 1% 
agarose gel (Bio-Rad Laboratories, 1000 Alfred Nobel Drive, 
Hercules, CA 94547) containing 1 µL mL–1 ethidium bromide 
and visualized using ultraviolet light to confirm amplification 
of the correct bands.  The remainder of each PCR was 
purified (E.Z.N.A. Cycle Pure Kit, Omega Bio-Tek., 400 
Pinnacle Way, Suite 450, Norcross, GA 30071) and used 
in a sequencing reaction (BigDye Terminator v3.1 Cycle 
Sequencing Kit, Applied Biosystems Inc., 850 Lincoln Cen-
tre Drive Foster City, CA 94404).  The same primers used 
for amplification were used for sequencing.  Sequencing 
products were analyzed using an AB 3730xl DNA analyzer 
(Applied Biosystems Inc.).  Sequence data were compared 
and aligned with goosegrass EPSPS gene sequences from 
glyphosate-sensitive and glyphosate-resistant populations 
available in GenBank (AY157642 and AY157643) with 
MEGA6 (Tamura et al. 2013).
5.5. PASA method for genotyping in TennGR, TennGS, 
F1 and F2 plants 
Four primers were described previously (Kaundun et al. 
2008) for PASA analysis of the goosegrass EPSPS gene. 
These primers included two external non-allele specific 
primers, PASA-F1 (ACAAAGCTGCCAAAAGAGCGGTAG) 
and PASA-R1 (TAACCTTGCCACCAGGTAGCCCTC), and 
two allele specific primers, PASA-P (GAATGCTGGAACT 
GCAATGCGTC) and PASA-S (GCAGCAGTTACGGCT 
GCTGTCAATTA).  With all four primers in one reaction, 
identifying the wild-type homozygous genotype (PP106), 
the mutant heterozygous genotype (PS106) and the mu-
tant homozygous genotype (SS106) was possible based 
on presence/absence of 320- and 136-bp fragments.  PCR 
was conducted with the same constituents as previously 
mentioned, but with 11.3 µL of water and quantity and con-
centration of the primers as follows: 0.5 µL each of PASA-F1 
and PASA-R1, each at 5 µmol L–1; and 1 µL each of PASA-P 
and PASA-S, each at 10 µmol L–1.  PCR conditions were as 
follows: initial denaturation at 95°C for 2 min; 24 cycles with 
95°C for 30 s, 65°C for 30 s (–1°C per cycle), and 72°C for 45 
Table 2  Primers used for EPSPS gene amplification and 
sequencing
Primer name Sequence (5´→3´)
Eleusine coracana_Forward GCTCGGCTGTGGTGGT
Rev-epsps-x1/2-f2 GGACAAAGCTGCCAAAAGAG
epsps-utr5-F1 CTCGCCGAGGTAAGAAGAAG
epsps-x1/1-R1 GTAGTTGTTGGCTGTGGTGG
epsps-x1/2-F2 GGACAAAGCTGCCAAAAGAG
epsps-x2-R2 CTTTAGCTCTTGGGGATGTGG
epsps-in2-F3 TCCTTTTGGGCTGGTGTTAG
epsps-x3-R3 TGGAGGGACTGTGACTGTTG
epsps-in3-F4 GCCAGTCATTTTGTTCTCAGC
epsps-x4-R4 GATGATGGGAGCGAAGGTTA
epsps-x4-F5-2 GGAGCGAAGGTTACATGGACT
epsps-x6-R5-2 CACCTACGATGACCACAGGAT
epsps-x4-F6 ATGAACAAAATGCCCGATGTC
Goose_FinalREV CTAAACTGCGTCTGTGCCTG
1310 Janel L Huffman et al.  Journal of Integrative Agriculture  2016, 15(6): 1304–1312
s; and a final extension cycle of 72°C for 4 min.  Amplicons 
were separated on a 2% agarose gel containing 0.5 µL mL–1 
ethidium bromide and visualized with UV light.
5.6. Generation of F1 and F2 plants 
Prior to crossing to make F1s, leaf samples for DNA ex-
traction of TennGR plants were collected for genotyping 
using the PASA protocol (described above) to ensure plants 
were homozygous resistant (SS106).  Since goosegrass is 
primarily self-pollinating, crossing to make F1 plants done by 
emasculating selected florets (Richardson 1958) before an-
thesis of the TennGS maternal parent flowers with precision 
tweezers (Excelta 3C-SA-ET, Excelta Corporation, 60 Easy 
Street, Buellton, CA 93427).  All TennGS maternal parent 
flowers not emasculated were removed from the plant.  After 
emasculation, florets from the TennGS were tied together 
with selected florets from a TennGR paternal plant and 
enclosed within a glassine bag to prevent contamination by 
unwanted pollen.  23 seeds were harvested from the cross-
es, and 18 of these seeds were planted in the greenhouse. 
Tissue samples from newly emerging leaves were screened 
with the PASA assay to ensure plants were heterozygous 
(PS106).  Of the 18 plants, 100% were heterozygous.  Nine 
plants were grown in isolation and allowed to self-pollinate to 
produce F2 populations.  Two F2 populations were arbitrarily 
selected for further characterization.   
5.7. Segregation of F2
In preliminary studies it was determined that a glyphosate 
rate of 350 g ha–1 best discriminated between parental 
populations.  Two populations (termed D1 and B1) of F2 
seedlings (89 plants for D1 and 96 for B1) of uniform size 
(8–10 cm) were evaluated.  At 14 days after treatment 
(DAT), individual plants were visually evaluated and rated 
as sensitive (complete mortality/very limited green tissue), 
intermediate (green tissue but reduced tillering compared 
to controls), or resistant (no reduced tillering).  A chi-square 
goodness of fit test (χ2) was used to compare the observed 
and expected plant resistance frequencies based on a single 
gene model.  The single gene model was rejected if P<0.05. 
Tissue samples for DNA extraction were taken from plants 
prior to herbicide application for genotyping using the PASA 
protocol.  Genotypes and glyphosate response phenotypes 
were compared for each individual F2 plant.
  
5.8. F2 dose response comparison of the three seg-
regating EPSPS genotypes
Prior to herbicide application, tissue from a newly emerging 
leaf was obtained from each F2 plant for DNA extraction and 
PASA analysis.  As in above, a chi-square goodness of fit 
test (χ2) was used to compare the observed and expected 
genotypic ratios.  Uniformly sized plants of 8–10 cm were 
selected from F2, TennGR, and TennGS populations and 
treated with various rates of glyphosate (0, 105, 210, 420, 
840, 1 680, 3 360 and 6 720 g ha–1).  After herbicide appli-
cation, plants were returned to the greenhouse and placed 
in a completely randomized design.  Six plants of each pa-
rental population and at least 16 plants of each of the two F2 
populations were treated with each glyphosate dose.  At 21 
DAT, plant injury was visually evaluated and recorded using 
a scale ranging from 0 (no green tissue) to 100 (no injury). 
Aboveground plant tissue was harvested and dried at 65°C 
for at least five days before dry weights were recorded.  The 
dry weight data (m) and the visual data (v) were combined 
to obtain an adjusted dry weight (y) using the function: 
y=m×v/100.  Adjusted dry weights were expressed relative 
to the mean of the corresponding population’s no-herbicide 
control.
Based on PASA analysis, each F2 population was subdi-
vided into three genotypes PP106, PS106, and SS106.  The 
data were analyzed using a non-linear regression model with 
the dose-response curve package in R software (Knezevic 
et al. 2007) based on the following equation: 
y=c+[d–c/(1+exp(b(log(x)–log(ED50))))]
This is a four-parameter non-linear logistic dose response 
model, where, b is the slope of the curve, c is the lower limit, 
d is the upper limit, and the ED50 value is the herbicide dose 
causing a 50% reduction in adjusted dry weight.  Resistance 
ratios were calculated as the ED50 of the TennGR, SS106, 
or PS106 population/genotype divided by the ED50 of the 
TennGS or PP106 population/genotype.
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